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INVOLVEMENT OF TYROSINASE IN MELANIN FORMATION IN 
MURINE MELANOMA 
VINCENT J. HEARING, PH.D., AND THOMAS M. EKEL, B.S. 
Dermatology Branch, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 
The possibility that peroxidase is functional in melanogenesis in the murine 8-91 
melanoma has been investigated. It was found that, as in the normal mouse, tyrosinase is the 
enzyme responsible for the bulk of melanin formation in the malignant melanocyte_ 
Tyrosinase was capable of utilizing tyrosine as a substrate, as well as dopa, although the V max 
with dopa was much higher than with tyrosine. Conversely, the affinity of the enzyme for 
tyrosine is higher than for dopa, and this relationship may in part be responsible for the 
occasional misinterpretation of the functional capability of this enzyme. 
Recently there has been evidence reported that 
peroxidase, and not tyrosinase, is the enzyme 
responsible for the conversion of tyrosine to dihy-
droxyphenylalanine (dopa)*, a precursor of mela-
nin, in mammalian pigmentary systems [l-3J. 
Biochemical studies have shown, however, that 
although peroxidase is capable of tyrosine hydrox-
ylation in vitro, tyrosinase is the enzyme responsi-
ble for in vivo murine melanogenesis in normal 
tissues [4,5 J. The fact that tyrosinase and other 
enzyme activities in melanoma tissues are abe,r-
rant has been established [6,7] and thus the 
possibility remains that peroxidase is functional in 
a pigmentary capacity in the malignant melano-
cyte. There has been some biochemical evidence 
presented that this is the case [3 L although conclu-
sive evidence has not yet been reported. We 
present here the results of our investigations on the 
enzymes functional in melanogenesis in the 8-91 
murine melanoma. 
MATERIALS A~D METHODS 
Enzyme Fractions Preparation 
8-91 melanomas (passed in CDF, mice) were used in 
this study. Tumors (I -2 em in diameter) were excised 
into 0.1 M phos(Jhate buffer (pH 7.4) at 4°C and homoge-
nized in a Tenbroeck (glass:glass) tissue grinder Enzyme 
fractions were isolated from this homogenate in two ways: 
1. Melanosomal fraction: Melanin granules were iso-
lated from the homogenate by differential centrifugation 
as previously described [8]. The purified melanosome 
pellet was then solubilized overnight at 4°C with 1% 
Triton X-l00, a procedure which has heen shown to 
solubilize activity from melanosomes, while preserving 
enzymatic activity. (JJ Eppig Jr and V J Hearing, in 
preparation). This extract was then centrifuged at 20,000 
x g for 10 min and the supernatant used for melanosomal 
enzyme studies. 
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2. Microsomal and soluble fraction: The homogenate 
was spun at 27,000 x g for 15 min (which pellets the 
melanosomes and other large organelles) and the super-
natant, which contained the microsomal and soluble 
proteins, was then acetone extracted and enzyme purified 
by DEAE-cellulose chromatography as described by 
Patel et al [3]. Fractions r and II were collected. These 
were the only fractions containing proteins eluted by 0.4 
M sodium acetate. Protein concentrations were measured 
using the assay of Bramhall et al [9]. 
Enzyme Assays 
Melanogenic activity was assayed by the method of 
Kim and Tchen [10]. modified as suggested by Achazi 
and Yamada [11 ].lncubation of all assays was for 60 min 
at 37"C. U -"C-L-tyrosine used was 1 /LCi/assay (sp act 
460 mCi/mM); G-'H-L-3,4-dihydroxyphenylalanine used 
was 10 !LCi/assay (sp act 12 Ci/mM). "c was counted at 
61 % efficiency; 'H was counted at 5% efficiency. Controls 
routinely used and subtracted from figures reported 
(except in Table II) were substrate- and enzyme-deficient 
samples, boiled enzyme controls, and DDC inhibitor 
controls. Occasionally the Pomerantz method [12] of 
determining the tyrosine hydroxylating activity of tyro-
sinase was used. 'HOH in this assay counted at 26% 
efficiency. 
Peroxidase activity was measured using the dianisi-
dine spectrophotometric method of Lundquist and Jo-
seffson [13]. 
Polyacrylamide Gel Electrophoresis 
System A [14] was used at pH 9.45 and 4°C. Gels were 
run at 2 rna/tube for approximately 2 hr, and were 
term inated when the pyron in Y tracking dye reached the 
bottom. They were rinsed 15 min in 0.1 M phosphate 
buffer (pH 6.8), and stained as follows: fast green FCF 
was used for protein visualization [15]; incubation for 2 
hr in either 0.2% dopa or 0.1 % tyrosine was used for 
localization of melanogenic enzymes; incubation for 30 
min in the dianisidine reagent [13) was used to localize 
peroxidase. For incorporation of U- "C-L-tyrosine into 
melanin on electrophoretically separated enzymes, the 
gels were immediately sliced into I-mm slices and each 
slice was eluted for 15 min in 0,\ M phosphate buffer (pH 
6.8). Each eluate was assayed by the Kim and Tchen 
radioassay as outlined above. Stained gels were subse-
quently fixed in 7.5% acetic acid. 
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RESULTS 
Table I and Figure 1 display the results of 
ourification of melanogenic enzymes as suggested 
by Patel et al [3). It can be seen that this puri-
fication scheme is capable of a 6x purification 
of enzymatic activity in the homogenate by ace-
tone extraction and subsequent dialysis against 
,odium barbital buffer, with approximately 16% 
recovery. However, wben this enzyme preparation 
is applied to the OEAE-cellulose column, 55% of 
the activity is recovered in the void volume, with 
little or no increase in purity, and very little of the 
remainder is eluted with 0.4 M sodium acetate. The 
ability of these eluates to incorporate G- 3H-dopa 
into melanin is also low. There was no demonstra-
ble peroxidase activity in any of these fractions, 
other than the homogenate. 
Since the bulk of activity was found in the void 
volume, kinetic measurements were carried out on 
this fraction. The incorporation of G-'H-dopa and 
D- "C-tyrosine substrates into melanin at various 
concentrations gave linear double reciprocal plots. 
TABLE 1. Purification of mammalian melanoma 
tyrosinase by DEAE-cellulose chromatography 
Total mg Total U-"C- Sp act Fraction analyzed tyrosine protein incorp (epm/mg) 
Homogenate 768.0 9,100,000 11,850 
27,000 x g superna- 450.0 4,730,000 10,500 
tant 
Acetone pellet 300.0 4,021,000 13,400 
Postdialysis superna- 22.8 1,479,000 65,000 
tant 
DEAE void volume 11.8 838,000 65,600 
Fraction 1 1.2 1,900 1,600 
Fraction 2 0.8 950 1,200 
Total G·'H· 
dopa incorp 
Fraction 1 1.2 4,850 4,000 
Fraction 2 0.8 2,000 2,500 
c 
FRACTION NUMB£R 
. FIG. 1. DEAE-cellulose chromatography elution pro· 
fIle. Enzyme preparation (see Materials and Methods) 
applied to column and washed in with 0.03 M Na barbital 
(pH 8.6) (A); eluted with 0.04 M Na a'Cetate (pH 7.3) (B); 
0.08 M Na acetate (C); 0.40 M Na acetate (Dl; and finally 
with a 0.1 M phosphate buffer (pH 7.2) (E). 
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The V rna. and Km for tyrosine were 200 nmole/hr 
and 70 "mole, respectively, in the presence of 0.1 
mM dopa; for dopa, the V max and Km were 3500 
nmole/hr and 2000 "mole, respectively. 
In Table II, the results of differential inhibition 
studies, as measured by the HC and 'H tyrosine 
assays, are presented. The addition of hydrogen 
peroxide to the medium has little or no effect on 
enzyme activity (H20. is a substrate for peroxi-
dase, but not for tyrosinase). When the enzyme 
fraction was pretreated with ODC and then 
washed thoroughly by dialysis against water over-
night, very little of the activity was recovered. 
Pretreatment with ODC, then removal by thor-
ough washing has been shown to be a way of 
differentiating between peroxidase and tyrosinase 
activity [2,4), since the inhibitor is bound firmly to 
tyrosinase, hut not peroxidase. Addition of hydro-
gen peroxide to this ODC-pretreated fraction re-
sulted in no increase in activity. Further, addition 
of one-third the amount of control enzyme prepa-
ration back to the DOC-pretreated fraction showed 
normal amounts of activity for the amount of 
enzyme added back, substantiating the complete 
removal of unbound inhibitor by the dialysis 
treatment. 
Figure 2 shows the electrophoretic separation 
and staining of gels loaded with both melanosomal 
and microsomal:soluble enzyme preparations. 
Both preparations show bands which can convert 
dopa to melanin, but none of these bands is able to 
utilize tyrosine alone. Neither of these gels showed 
a positive peroxidase reaction. However, when 
identical gels are sliced and incubated with U_HC_ 
tyrosine in the presence of 0.025 mM dopa, there 
was incorporation into melanin by some bands, as 
shown in Figure 3. 
DISCUSSION 
It is apparent from the data in Table I that the 
TABLE II. Characterization of melanogenic activity by 
DDe inhibition 
H20, when used was 0.1 mM. ,;, indicates sample was 
pretreated with 10 mM DDC for 60 min at 37°C, then 
dialyzed overnight against 3 changes of 1000 volumes 
distilled water. Each assay contained 15 I'g melanosomal 
protein, except #7 which also contained 5 I'g untreated 
melanosomal protein added just priQr to assay. 
H Treatment "c cpm (SOl 'Hcpm (SOl 
1 Buffer 5,622 (267) 4,507 (177) 
2 Buffer + H,O. 5,792 (359) 4,596 (125) 
3 DDC 181 (7) 924 (98) 
4 DDC + H.O, 192 (64) 816 (67) 
5 DDe,;, 198 (24) 799 (61) 
6 DDCf 193 (42) 965 (190) 
7 DDC f + enzyme 1,942 (198) 2,530 (219) 
8 Boiled enzyme 235 (28) 991 (l36) 
9 Buffer control 206 (29) 804 (14) 
10 Enzyme w/o dopa 796 (156) 904 (163) 
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FIG. 2. Melanogenic activity of electrophoretically 
separated enzymes. 7.50/" polyacrylamide gels, A and B: 
DEAE-cellulose void volume fraction from microsomes 
and soluble proteins. C and D: Triton X-lOO solubilized 
fraction from melanin granules (similar protein fractions 
used in Figure 2). A and C stained with 0.2% dopa; Band 
D stained with 1 % tyrosine. with no dopa added. 
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FIG. 3. Incorporation of D- "C-L-tyrosine into melanin 
by electrophoretically separated tyrosinases. 
ammonium sulfate and acetone extraction proce-
dure. followed by dialysis, as originally described 
by Brown and Ward [16] is capable of a 6-fold 
purification of melanogenic enzymatic activity in 
melanoma tissue, with about 16% recovery. before 
DEAE chromatography. These figures are in good 
agreement with those originally reported by Brown 
and Ward. However, it is also evident from these 
data that the modification to this technique pro-
posed by Patel et al [3], i.e., application of the 
enzyme to the DEAE column in barbital buffer, 
washing with 0.04 M sodium acetate, and eluting 
with 0.4 M sodium acetate, is less than adequate 
since only 0.2% of the activity is recovered, and the 
specific activity of this is reduced drastically. 
However, since such a very slight amount of 
activity is present in this fraction, and the velocity 
of the reaction with dopa as substrate is so much 
greater than with tyrosine, it is possible that while 
dopa oxidation was measurable, tyrosine hydroxyl-
Vol. 64, No.2 
ation was below the sensitivity of the assay. This 
might explain Patel et aI's results as indicating 
that tyrosinase is active in dopa oxidation, but 
inactive toward tyrosine as substrate. It should be 
pointed out that the data presented hy those 
workers show the incorporation of around 2000 cpm 
of U-HC-tyrosine to U -HC-dopa by their purified 
enzyme preparation ([3], Fig. 1 i above their boiled 
enzyme control. A mushroom tyrosinase prepara-
tion (10 units/assay) which they used for compari-
son, was able to convert around 3 to 4 times more 
labeled tyrosine to dopa ([3], Fig. 2). Extrapolation 
of their results would seem to indicate that approx-
imately 2 to 4 units of mammalian tvrosinase were 
present in their enzyme fraction~ which they 
proved contained no peroxidase, and which, in 
retrospect was an excellent recovery. 
The facts that, under these circumstances, tyro-
sinase can oxidize dopa approximately 100 times as 
rapidly as tyrosine and that the affinity of the 
enzyme for tyrosine is so much greater than for 
dopa, are probably the underlying cause of the 
erroneous conclusions drawn by Okun, Patel, and 
their co-workers. For instance, their data show a 
spectrophotometric assay for dopachrome forma-
tion from dopa by tyrosinase ([3], Fig. 31-the 
reaction for the first 10 min goes at the approxi-
mate rate of 0.045 OD units/min with dopa alone, 
but is lowered to 0.035 units/min with the addition 
of tyrosine. In view of the velocity and Km data 
reported above, this would not at all be unex-
pected, since the affinity for tyrosine would cause 
it to be preferentially bound. yet oxidized more 
slowly. Patel et al interpret their data to indicate 
that tyrosine is bound by the enzyme but is not 
metabolized, when in fact the rate of tyrosine 
hydroxylation goes on, albeit at a very slow rate in 
the absence of dopa cofactor. This serves to point 
out some of the shortcomings of the spectrophoto-
metric assay for the study of enzymes with multi-
ple substrates, Without labeled substrates. one is 
never sure which substrate is being metabolized. 
For this reason, we have found that this spectro-
photometric assay is the least reliable of the 
tyrosinase assays in use in regard to interpretabil-
ity and sensit ivity. Either the Kim and Tchen [10] 
or the Pomerantz [I2J radioassay is far superior in 
both respects. 
It can be seen from the data reported in Table II 
that both tyrosine hydroxylation and melanin 
formation by melanosomal enzyme have the inhi-
bition characteristics of the copper-containing ty· 
rosinase rather than the iron-containing peroxidase 
enzyme. In addition, the lack of peroxidase activity 
has been confirmed in these fractions by assay. A 
more detailed discussion of the inhibition and 
electrophoretic characterization of these enzymes 
can be found elsewhere [4]. The incorporation of 
U-"C-tyrosine into melanin by electrophoretically 
separated enzymes (Fig. 2) supports the interpre-
tation that mammalian tyrosinase is bifunctional: 
(1) it oxidizes tyrosine to dopa and (2) dopa to 
dopaquinone. rather than the more limited ability 
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of the latter step only, as has been proposed [1-3]. 
Further, since tyrosine alone was converted to 
melanin extremely slowly, it is apparent that 
initial amounts of dopa are required for optimal 
enzyme activity. It can be seen that while tyrosin-
ase will hydroxylate tyrosine in the absence of 
added dopa, it does so extremely slowly, and the 
rate of the reaction can be increased up to 100 
times in the presence of 0.1 mM dopa. This agrees 
well with the figures presented by Pomerantz [17] 
using different methods. As reported previously 
also by Pomerantz [17), we have found that dopa is 
an inhibitor of tyrosine hydroxylation at concen-
trations of 0.5 mM and above. Tyrosine is an 
inhibitor of dopa oxidation at concentrations of 0.1 
mM and higher. These considerations will also 
explain much of the histochemical data that have 
been presented by Okun and his co-workers as 
evidence that tyrosinase does not function in 
tyrosine hydroxylation, which they believe to be 
peroxidase dependent. 
It is interesting to note that the distribution of 
enzymes in the DEAE cellulose fraction (which 
were isolated from the microsomal and soluble 
proteins) varies markedly from those in the mela-
nosomal fraction (Fig. 1). The concept of different 
tyrosinase isomers being located in different sub· 
cellular fractions has been advanced recently [18] 
and these data seem to support such a theory. 
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Milton R. Okun, M.D. served as one of the reviewers of this manuscript and he has offered the following 
critique: 
The validity of Hearing's conclusions in this and preceding papers can be questioned for many reasons: 
1. The principal problem is the equivocal nature of his assay system. Tyrosine will bind to metal sites 
and melanin without being oxidized (Okun et al. J Invest DermatoI55:1, 1970; Shimao, Biochim Biophys 
Acta 62:205, 1962). Since the material assayed contains melanin produced by oxidation of dopa cofactor 
and metal-bearing enzyme ("tyrosinase" (dopa oxidase)), radioactivity due to enzymatic conversion of 
tyrosine to melanin cannot be distinguished from radioactivity due to labeled tyrosine which is bound, 
but not oxidized. A boiled control cannot help in making the distinction, since boiling can increase or 
decrease available metal for nonspecific binding. Also, the dopa melanin formed by action of dopa 
oxidase would not be available for binding in the boiled preparation, producing a misleading impression 
of enzyme suppression. (Hearing used dopa cofactor with labeled tyrosine.) 
2. Hearing concludes that peroxidase does not playa significant role in melanogenesis in the melanoma 
under study (see Abstract), but has presented no data to support this. He studied two isolated 
(nonperoxidase) enzyme fractions, but did not deal with the question of peroxidase activity in the crude 
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materiaL Peroxidase is more firmly membrane-bound than "tyrosinase" (dopa oxidase) in melanosomes, 
and cannot be easily removed, even with a variety of detergents. 
3. The spectrophotometric method is a very useful method for assay of melanin synthesis, and has the 
advantage over the radioassay method used by Hearing in that it directly measures reaction product. 
Even though it cannot totally exclude minimal oxidation of tyrosine in the tyrosine-dopa-enzyme 
system, it effectively measures net dopachrome formation in the presence of tyrosine, which is the 
significant biologic measurement. In the study of Patel et al (J Invest Dermatol 61:55, 1973) the dopa 
oxidase isolated ("tyrosinase") showed less dopachrome formation in the presence of tyrosine than in its 
absence. In this study melanogenesis was also studied by measuring labeled dopa formed from labeled 
tyrosine; no enzymatic hydroxylation of tyrosine to dopa was observed. 
4. The Pomerantz method, which measures tritiated water as end product, is equivocal without a dopa 
control (which Hearing did not perform). 
5. We have repeated Hearing's method of removing DDC by dialysis and found that some remained 
(using a copper sulfate assay system). 
6. In our experiments, contrary to Hearing's assertion, the recovery of isolated "tyrosinase" (dopa 
oxidase) was moderately greater with phosphate buffer than with acetate buffer. 0.4 ml of enzyme prepa-
ration rapidly oxidized dopa, but had no effect on tyrosine. 
7. The statement that Patel et al (J Invest Dermatol 61 :55, 1973) showed 2000 more cpm of labeled 
dopa with the intact enzyme than with the boiled enzyme is incorrect. 1000 more cpm were noted and this 
was insignificant as compared with the initial tyrosine (130,000 cpm when tyrosine concentration is 
adjusted to be equivalent to the dopa concentration). Apparently Dr. Hearing did not notice that Figure 1 
in this paper was partitioned to indicate that the tyrosine solution was 10 times as dilute as the dopa 
solution. The differential molar concentration of labeled dopa, therefore, was 0.7% that of initial 
tyrosine-which is hardly of enzymatic order of magnitude. By contrast, the differential molar 
concentration of labeled dopa formed by the action of mushroom tyrosinase was 9% that of the initial 
tyrosine-about 12 times that observed with mammalian "tyrosinase" (dopa oxidase). The small 
differential observed with mammalian "tyrosinase" was attributable to several factors: (a) nonenzymatic 
oxidation of tyrosine by hydrogen peroxide generated by enzymatic action of active enzyme on dopa 
(Swan and Wright, J Chern Soc 381-384, Jan 1954) and (b) nonenzymatic oxidation of tyrosine by dopa 
quinone formed in the enzymatic oxidation of dopa (Kertesz, in Bloch K and Hayaishi 0 (Eds), 
Biological and Chemical Aspects of Oxygenases, Tokyo, Maruzen, 1966, p 300). 
Vincent J. Hearing offers the following rebuttal: 
1. Neither Dr. Shimao's paper [1] nor Dr. Okun's own paper [2] proved the binding of tyrosine to 
melanin. Our results on the binding of tyrosine to both native and synthetic melanin (without enzyme) 
show that this is a negligible factor. Both citations do discuss the ability of tyrosinase to bind tyrosine 
without initially metabolizing it to dopa, although this binding was not shown to occur at the metal site. 
The binding of tyrosine without rapid hydroxylation occurs principally in the absence of dopa, and is 
probably instrumental in the post-translational regulation of melanin formation within the melanocyte. 
Concerning the objection to boiled enzyme controls, Dr. Okun himself has written concerning his own 
results quite clearly: "It is of interest that this (enzyme-tyrosine) binding effect was actually increased 
over the heavily melanized basal layer after boiling" [2]. While it is difficult to interpret enzymatic 
studies conducted at the histochemical level, it seems obvious that boiled controls should therefore 
increase the observed incorporation, not reduce it by 96% (Table II, this paper) if Dr. Okun is correct. 
A quick scan of the literature concerning the validity of the 'H-tyrosine assay for the measurement of 
tyrosine hydroxylase activity [3-6] and the "C-tyrosine assay for the measurement of melanin formation 
[7-9] is sufficient to establish the reliability of these techniques. If he assumes it is not a valid assay, I do 
not see how Dr. Okun can explain the inhibiting effect of various enzyme poisons, such as proteases, 
phospholipases [10], and 2-mercaptoethanol, on these assays. The evidence that these are enzyme-
dependent assays also includes classical Michaelis-Menton kinetics, and substrate inhibition. 
2. It is true that we studied only two enzyme fractions in this report; it is also true that the subcellular 
fractions these represented (soluble, microsomal, and melanosomal) are the only fractions where 
melanogenic activity is found. There is a slight amount of peroxidase activity in crude melanoma 
homogenate-this could originate from infiltrating macrophages, melanocytes, etc. However, our 
Laboratory, and several others, have never been able to demonstrate the presence of peroxidase in a pure 
melanin granule preparation, either in the solubilized or nonsolubilized fractions. Since the melanin 
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granule is the site of melanin formation, it would seem that peroxidase nas the ability, but neither the 
motive nor the opportunity to initiate melanin synthesis. 
3. The "C assay also directly yields reaction product (dopachrome) produced in the system, since this 
compound is found in the acid-insoluble fraction [H). The inhibition of enzyme activity by tyrosine is 
adequately presented in paragraphs 1 and 2 of the Discussion in the original article. 
4. The close correspondence between both the "C assay and the 'H (Pomerantz) assay (Table nand 
Ref 11) makes it extremely doubtful that the 3H tyrosine assay is an artifact. Further comment will have 
to await publication of the data upon which Dr. Okun bases his comment. 
5. The purpose of the DDC-dialyzed control was to remove DDC to a level where the concentration of 
unbound DDC was below inhibitory levels to enzyme activity. Our results show this was achieved in our 
system, thus the lack of enzyme activity in the sample treated by dialysis is due to bound DDC, fulfilling 
the criteria established by Okun et al [12) for distinguishing between these two enzymes. 
6. The poor recovery in Patel et aI's [13J procedure as reported was found in three independent 
experiments. We made no attempt to reproduce Brown and Ward's [14] procedure past the point where 
reported, but their yield was much better (ca 30-40%). 
7. I fail to see how the 1000 cpm (ca 1% of the total label) worth of tyrosine converted to dopa by 
mammalian tyrosinase (Fig. 1 in Ref 13) can be considered insignificant, while 16,000 cpm (ca 16% of 
total) worth converted by 10 units of mushroom tyrosinase (Fig. 2 in Ref 13) is significant. If Dr. Okun's 
group had concentrated their mammalian enzyme preparation 16 times and assayed, they would have 
gotten equivalent incorporation, which would no doubt be equally insignificant. How can Dr. Okun and 
his group attribute this incorporation in their Figure 1 to nonenzymatic oxidation of tyrosine by 
mechanisms (a) and (b) while assuming incorporation in their Figure 2 assay to be enzyme dependent? As 
mentioned earlier, these incorporations can be shown to behave according to normal enzyme kinetics, 
thus eliminating nonenzymatic mechanisms from consideration. 
It is OUf hope that laboratories undertaking enzymatic studies of melanogenesis will employ the proper 
controls for peroxidase activity in the future so that this question need not be resurrected. 
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